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1. Catalyst Characterizations: The morphology was investigated by SEM (FEI Nova 

NanoSEM 450), TEM (JEOL JEM-2100F, 200 kV) equipped with EDS (X-MaxN 80T 

IE250), and HAADF-STEM (FEI Titan Themis 60-300), which was performed with a 

spherical aberration corrector operating at an accelerating voltage of 200 kV. The crystal 

structures of the obtained samples were identified by PXRD (PANalytical X'Pert3 Powder). 

FTIR spectra were recorded on a NICOLET NEXUS-670, and the samples were dried at 

60 °C for 8 h before testing. Raman spectra were obtained on Thermo Fischer DXR by using 

a 532 nm laser as the light source. XPS and UPS analysis (Thermo Scientific, ESCALAB 

250Xi) was measured by an X-ray source with a hemispherical electron energy analyzer and 

an Al Kα (hν = 1486.6 eV). N2 adsorption-desorption isotherms were carried out by 

Micromeritics ASAP 2020 analyzer at 77 K. XAFS spectra were performed on the beamline 

BL07A1 in NSRRC (Taiwan), in which the radiation was monochromatized by a Si (111) 

double-crystal monochromator, and the data reduction and analysis of XANES and FT-

EXAFS spectra were completed by using Athena software through the technical support 

provided by Ceshigo Research Service: “www.ceshigo.com”. ICP−OES was conducted on an 

OPTIMA 5300 DV spectrometer. UV−Vis DRS (Shimadzu, UV-3600) were recorded using 

BaSO4 as a reference. PL spectra and PL decay profiles (FLS980, Edinburgh, UK) were 

performed at room temperature using 365 nm as the excitation source. EIS, Mott−Schottky 

plots, and I−t profiles were conducted on the CHI660E electrochemical workstation with a 

standard three-electrode system, where the indium tin oxide (ITO) coated with photocatalyst 

as the working electrode, Ag/AgCl (saturated KCl) electrode as the reference electrode, and Pt 

plate as the counter electrode. The 0.5 M Na2SO4 solution was employed as the electrolyte. 

Typical preparation of film of photocatalyst-coated ITO electrode was carried out according 

to the literature.1 
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2. Supplementary Figures and Tables 

 

Scheme S1. Schematic illustration of the preparation process of 3% Pt NPs/TpPa-1. 

 

 

 

 

 

 

Figure S1. The photographs of the obtained samples of TpPa-1, 3% Pt NPs/TpPa-1, and 

Pt1@TpPa-1 with various loading amounts of single-atom Pt. 
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Figure S2. SEM images of (a) TpPa-1, (b) 3% Pt1@TpPa-1, and (c) 3% Pt NPs/TpPa-1. 

 

 

 

 

 

 

Figure S3. TEM and HRTEM images of pure TpPa-1 (a−e), 3% Pt1@TpPa-1 (f−j), and 3% Pt 

NPs/TpPa-1 (k−o). 
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Figure S4. PXRD patterns of all of the prepared Pt1@TpPa-1 (with different contents of 

single-atom Pt) samples and the simulated XRD pattern of TpPa-1. 
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Figure S5. (a) XPS survey spectra, (b) C 1s high-resolution XPS spectra, (c) the enlarged part 

of high-resolution N 1s XPS spectra of as-prepared samples at 407−401.5 eV. 
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Figure S6. Fourier-transformed magnitudes of Pt L-edge EXAFS spectra in R space (a) and k 

space (b) for Pt foil. 
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Figure S7. The standard curve of H2 production. 

The standard calibration curve of H2 detection is shown in Figure S7. The generated 

amount of H2 evolved was analyzed by chromatography with a known concentration of H2 as 

standard gas. According to the fitted standard curve, the relationship between the peak area 

and the volume of H2 evolved can be expressed as Equation S1: 

𝑦 = 120109𝑥 − 1025 

Where y is the peak area corresponded to H2 in the chromatography, and x is the volume of 

H2 evolved (mL). 
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Figure S8. The chromatogram of H2 evolved over 3% Pt1@TpPa-1. 

An example of the H2 evolved chromatogram is given in Figure S8, which illustrates the 

process of the peak area over 3% Pt1@TpPa-1 photocatalyst under visible light irradiation. 

The amount of H2 evolved was determined at an interval of 1 h using an online gas 

chromatograph instrument with a thermal conductivity detector. The measured peak area was 

converted into the H2 evolution rate according to the standard curve (Equation S1).  

The number of generated moles (mmol) of H2 generated can be expressed as Equation S2. 
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𝑛 =
𝑉

22.4
 

Where n is the number of moles (mmol) of H2 produced, V is the hydrogen volume evolved 

(mL), and 22.4 is the molar volume of the gas (mL mmol−1). 

Moreover, the number of moles of hydrogen produced per mass of photocatalyst (mmol 

g−1) can be expressed as Equation S3: 

𝐶(H2) =
𝑛

𝑚
 

Where C(H2) is the number of moles of hydrogen produced per mass of photocatalyst 

(mmol g−1), and m is the amount of photocatalyst (g) added in the photocatalytic reactor. 

Furthermore, the mean value of the amount of H2 produced per unit mass of photocatalyst 

and per unit time (mmol g−1 h−1) can be evaluated according to Equation S4−S5. 

𝑃(H2) =
𝐶(H2)

𝑡
 

      𝑃̅(H2)  =  
∑ Pi(H2)n=6

i=1

n
   

Where P is the amount of H2 produced per gram of photocatalyst per hour (mmol g−1 h−1), 

and P̅ is the mean value of P (mmol g−1 h−1). 
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Figure S9. (a) UV−Vis DRS spectra of TpPa-1, 3% Pt NPs/TpPa-1, and Pt1@TpPa-1 (1%, 

3%, and 5%). (b) Tauc plots of TpPa-1 and 3% Pt1@TpPa-1. 

The band gap energy (Eg) was calculated using the Tauc’s Equation: 

nEghvAhv )(      (S6) 

where   represents absorption coefficient, A represents the absorption constant, and n 

represents a constant which depends on the probability of transition; it takes the values 1/2 

and 2 for direct allowed and indirect allowed transitions, respectively. Because TpPa-1 is a 

direct band gap semiconductor,2 Eg of the samples was estimated from the intercept of the 

tangent in the plots of 
2)( h  versus photon energy )( h . 
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Figure S10. (a) XRD patterns, and (b) FTIR spectra of 3% Pt1@TpPa-1 before and after 

photocatalysis. 
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Figure S11. (a) The XPS survey spectra, (b) high-resolution Pt 4f XPS spectra of 3% 

Pt1@TpPa-1 before and after photocatalysis. 
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Calculation of the electron transfer rate (kET) from PL decay lifetimes: 

The electron transfer rate (kET) of the TpPa-1 and 3% Pt1@TpPa-1 was calculated 

according to Equation S7. 

kET =
1

τ3% Pt1@TpPa-1

 −  
1

τTpPa-1

 

Where the τ3% Pt1@TpPa-1 and τTpPa-1 represent the time-resolved fluorescence decay lifetimes, 

respectively, which are 0.27 and 0.50 ns. Thus, the kET can be calculated to be 1.71×109 s−1. 

 

Calculation of the energy levels from UPS spectra: 

The energy level of valence band maximum (EVBM) can be calculated using Equation S8:3-6 

  𝐸(VBM) = hv −  (Ecutoff  −  Eonset)   

Where hv is the incident photon energy (21.22 eV), Ecutoff is the high binding energy cutoff, 

and Eonset is the onset energy in the valence-band region. 

The energy level of conduction band minimum (ECBM) can be calculated using Equation S9: 

 E(CBM)  =  E(VBM) −  Eg   

Where and Eg is the band gap of the sample. 
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Figure S12. Mott−Schottky plots of (a) TpPa-1 and (b) 3% Pt1@TpPa-1 measured with 

Ag/AgCl as the reference electrode in dark at 1000 and 1500 Hz. 

The measured potentials vs. Ag/AgCl can be converted to normal hydrogen electrode 

(NHE) scale using Equation S10: 7, 8 

 E(NHE) =  E(Ag/AgCl) + 0.197  

The energy positions of band edges in the electrochemical scale (V) can be converted from 

the values in absolute vacuum scale (eV) using Equation S11:9 

E (eV) = − 4.5 −  E(NHE) (V) 

  



  

17 

 

Figure S13. The calculated work function of the surface of (a) TpPa-1 and (b) {−100} surface 

of Pt. 
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Table S1. BET surface areas, pore volumes, and average pore sizes of the as-prepared 

samples. 

Sample BET surface area  

(m2 g−1) 

Pore volume 

 (cm3 g−1) 

Average pore size  

(nm) 

TpPa-1-COF 327 0.38 9.35 

1% Pt1@TpPa-1 301 0.33 7.44 

3% Pt1@TpPa-1 326 0.39 8.42 

5% Pt1@TpPa-1 374 0.43 9.57 

3% Pt NPs/TpPa-1 306 0.34 7.59 
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Table S2. Structural parameters obtained from the Pt L3-edge EXAFS fitting. 

Sample Shell aN bR(Å) cσ2 (Å2) dΔE0 (eV) R, % 

Pt foil Pt−Pt 12 2.76±0.01 0.0049 7.5±0.7 0.0076 

Pt NPs/TpPa-1 

Pt−O/N 4.3±0.8 2.02±0.01 0.002 9.55±0.91 

9.55±0.91 

0.011 

0.011 Pt−Pt 6 3.11±0.03 0.003 

Pt1@TpPa-1 

Pt−C 3 3.31±0.03 0.0129 

9.0±1.2 0.0073 Pt−N 

Pt−Cl 

1 

2 

2.06±0.01 

2.30±0.01 

0.0002 

0.00052 

aN: coordination numbers, bR: bond distance, cσ2: Debye−Waller factors, dΔE0: the inner 

potential correction. R factor (%): degree of the fitting. Ѕ0
2 was set to be 0.82 according to the 

experimental EXAFS fitting of the reference Pt foil by fixing N as the known crystallographic 

value. Error bounds (accuracies) were estimated as N, ±5%, R, ±1%. 

 

The obtained XAFS data was performed using Athena (version 0.9.26) software for 

background, pre-edge line, and post-edge line calibrations. Then Fourier transformed fitting 

was carried out. The k2 weighting, the k-range of 3−12.116 Å−1 (3−14.263 Å−1 for Pt sample; 

3−12 Å−1 for PtO2 sample), and R range of 1−3 Å were utilized for all of the fittings. The four 

parameters, coordination number, bond length, Debye−Waller factor, and E0 shift (N, R, σ2, 

and ΔE0) were fitted without anyone was fixed, constrained, or correlated. 

For Wavelet Transform analysis, the χ(k) exported from Athena was imported into the 

Hama Fortran code. The parameters were listed as follow: k range, 0−11.95 Å−1 (0−12 Å−1 for 

Pt sample); k weight, 2; R range, 1−4 Å; and Morlet function with κ=10, σ=1 was employed 

as the mother. 
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Table S3. Summary of H2 evolution performance of some typical COF-based and single 

atom-based photocatalytic systems. 

Photocatal

yst 

Co-

catalyst 

Sacrifi-

cial 

electron 

donor 

Solv-

ent 

Illumi-

nation 

Activity 

(μmol 

g−1 h−1) 

Overall H2 

production 

(μmol 

m−2) 

AQE (%) 

(mass of 

photocat-

alyst) 

TON 

(time) 

TOF 

(h−1) 

Refe-

rence 

TpPa-1 0.72 

wt% Pt1 

(ICP) 

SA PBS ≥420 

nm 

719 17.24   (6 

h) 

0.38 

(420 nm, 

10 mg) 

304   

(6 h) 

19.5 This 

work 

TP-BDDA 3 wt% Pt TEOA H2O ≥395 

nm 

324 4.3a    (10 

h) 

1.3   

(420 nm, 

10 mg); 

1.8   

(520 nm) 

42.3a 

(10 h) 

2.1a 10 

A-TEBPY 2.2 wt% 

Pt 

TEOA H2O AM 

1.5 

98 3.1a    (22 

h) 

− 37.23a 

(22 h) 

0.87a 11 

ZnPor-

DETH-

COF 

8 wt% Pt TEOA PBS >400 

nm 

413 4.1a    (10 

h) 

0.063 

(450 nm, 

0.5 mg) 

20.23a 

(10 h) 

1.01a 12 

g-C18N3-

COF 

3 wt% Pt Ascorbi

c acid 

H2O ≥420 

nm 

292 1.01a    (4 

h) 

1.06 

(420 nm, 

50 mg) 

15.34a 

(4 h) 

1.90a 13 

N2-COF Co-1b TEOA ACN/

H2O 

AM 

1.5 

782 − 0.16 

(400 nm, 

5 mg) 

54.4 

(20 h) 

3.96 14 

TpDTz NiME 

cluster 

TEOA H2O AM 

1.5 

941 − 0.2   

(400 nm, 

5 mg) 

>103 

(70 h) 

2.3 15 

TFPT-

COF 

2.2 wt% 

Pt 

TEOA H2O >420 

nm 

1970 − 2.2   

(400 nm, 

10 mg) 

− 15.7a 16 

N3-COF 0.68 

wt% Pt 

(ICP) 

TEOA PBS ≥420 

nm 

1703 9.11a    (8 

h) 

0.44 

(450 nm, 

10 mg) 

781a  

(8 h) 

48.8a 17 

COF-

alkene 

3 wt% Pt TEOA H2O >420 

nm 

2330 65.40a  (5 

h) 

6.7   

(420 nm, 

20mg) 

157.3a 

(5 h) 

15.14 18 

COF-

imide 

3 wt% Pt TEOA H2O >420 

nm 

34 0.03a    (5 

h) 

− 0.65a 

(5 h) 

0.22a 18 
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Table S3 (continued) 

Photocatal

yst 

Co-

catalyst 

Sacrifi-

cial 

electron 

donor 

Solv-

ent 

Illumi-

nation 

Activity 

(μmol 

g−1 h−1) 

Overall H2 

production 

(μmol 

m−2) 

AQE (%) 

(mass of 

photocat-

alyst) 

TON 

(time) 

TOF 

(h−1) 

Refe-

rence 

COF-

imine 

3 wt% Pt TEOA H2O >420 

nm 

12 0.17a    (5 

h) 

− 0.54a 

(5 h) 

0.08a 18 

CTF-

HUST-2 

3 wt% Pt TEOA H2O >420 

nm 

2647 10.56a 

(3h) 

− 104.0a 

(3h) 

17.2a 19 

Al-TCPP-

0.1Pt 

0.07 

wt% Pt1 

(ICP) 

TEOA ACN/

H2O 

>380 

nm 

129 − − 261.8a 

(5 h) 

35 20 

HNTM-

Ir/Pt 

1.05 

wt% Ir1 

and 2.54 

wt% Pt1 

(ICP) 

TEOA ACN/

H2O 

>400 

nm 

201.9 1.18a    (5 

h) 

− 10.9a 

(5 h） 

1.10a 21 

Co1-

phosphide/

PCN 

0.4 wt% 

Co1 

(ICP) 

− H2O >300 

nm 

410.3 − 3.6   

(420 nm, 

20 mg) 

− 6.04a 22 

aThe values were calculated based on the data in the corresponding References. 

bCo-1: [Co(dmgH)2pyCl]
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